We present the first empirical evidence that mammalian sex-ratio deviations result from variation in adultweight sexual dimorphism via correlated effects on blastocyst development. Two selection lines of mice exhibiting high and low sexual dimorphism in adult weight showed correlated sexual weight differences at birth and at weaning, caused by relatively decelerated growth of males in the low line from before birth. The sex ratio at birth was significantly female-biased in the low line, and significantly lower than in the highly dimorphic line. Concomitantly, blastomere numbers were at significantly higher variance in the low than in the highly dimorphic line, owing to an increased frequency of slowly growing blastocysts. Since low-dimorphism mice produced more corpora lutea and more female pups than the highdimorphism mice, but not more males, birth sex-ratio bias most parsimoniously resulted from the loss of slowly growing male blastocysts. This is in agreement with the observation that sex-ratio skews in mammals arise when timing of uterine responsiveness (i.e. its temporally limited capacity for implantation) varies in relation to sex-specific embryonic growth rates. Hence, natural mammalian sex-ratio variation that stems from developmental asynchrony might be a by-product of natural selection for sexual dimorphism in adult weight.
INTRODUCTION
The question of adaptive sex-ratio variation in mammals (sensu Williams 1979 ) is still controversial (Hardy 1997; West et al. 2002) . Perspectives range from the optimistic view that the ultimate causations of deviations can be disentangled by increasing empirical and theoretical research efforts (Cockburn et al. 2002) to meta-analysis revealing that a statistical artefact could, potentially, account for the significant results (Brown & Silk 2002) or suggesting that deviations are caused mostly by non-adaptive by-product mechanisms (Krackow 2002) .
Much of the agony of argument stems from the lack of understanding of the physiological mechanisms causing the deviations (Krackow 2002; West et al. 2002) . We know of only one experimentally validated mechanism (Krackow & Burgoyne 1998 ) that could allow for birth sex-ratio adjustment in mammals: the timing of uterine implantation capability in relation to sex-specific blastocyst growth rates (Krackow 1995a,b) . First, this mechanism is suggested by the observation of higher developmental rates of male pre-implantation embryos now reported in a number of mammals (cf. Krackow & Burgoyne 1998) , including laboratory mice (Burgoyne 1993; Burgoyne et al. 1995) . Second, it relies on the fact that the uterus will respond to embryonic implantation signals for only a certain time-period (see Lessey (1994) and references therein). Hence, exceptionally delayed embryos have been shown to fail at implantation in laboratory mice (e.g. McLaren & Mitchie 1956; Pope 1988) . Exceptionally accelerated ones have also been suggested to face implantation failure, but no direct experimental evidence is available (Krackow 1995a) . Consequently, when male and female pre-implantation developmental rates differ, sex ratios at birth can potentially vary if the time-frame of relative uterine responsiveness changes (Krackow 1997a) . Likewise, when sex dimorphism in embryonic developmental pace changes, birth sex-ratios may be affected (Krackow & Burgoyne 1998) .
In mammals, males generally differ from females in body weight (Ralls 1976) , this dimorphism often being present from birth. Adult sexual dimorphism would be expected to affect birth sex-ratios if it implied sexually dimorphic embryo development that led to sex-differential prenatal mortality (sensu Forchhammer 2000; Krackow 1995a ). Hence, selection for sex dimorphism in adult body weight might ultimately provide the basis for sexratio variations in mammals, owing to its correlated effects on early development. In that case, artificial selection for sexual dimorphism in weight is expected to result in diverging developmental asynchrony of male and female embryos and, thereby, potentially to lead to birth sex-ratio deviations between selection lines.
In mice, it is well known that sexual dimorphism in adult weight can be selected for (Eisen & Legates 1966 ; Table 1 . Number of males and females per litter, sex ratio (proportion of males) and weight dimorphism (g) at birth, weaning (21 days) and maturity (42 days) for GD1 and GD2 mice (n = number of litters). Korkman 1957). Furthermore, subadult growth has been found to show correlated responses to selection for adult body weight and post-weaning weight gain, although not always positive ones (see Urrutia & Hayes (1988) and references therein). Also, sexually dimorphic blastocyst developmental rates have been shown to cause sex-ratio shifts (Krackow 1997a; Krackow & Burgoyne 1998) . Therefore, we investigated the effects of selection for differences in adult sexual dimorphism on weight differences at birth and weaning, blastocyst development and litter sex ratio in two lines of laboratory mice divergently selected for high and low sexual dimorphism in adult body weight.
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MATERIAL AND METHODS
We used laboratory mice from two lines that contrasted starkly in adult weight dimorphism. Selection lines were initiated from several strains of outbred and wild mice. Lines were successfully divergently selected for sexual dimorphism in adult weight, with increased dimorphism in line GD1 and decreased dimorphism in line GD2, as described by Schmidt (1993) . In the current study, data were collected from mice of generations 15-17, kept under standard laboratory conditions. Weights of offspring were measured at birth, weaning (21 days) and as adults (42 days). For each litter, mean weights for males and females were calculated for data analysis. At birth, pups were counted and sexed by means of anogenital distance by animal breeding staff unaware of the experimental prediction, and sex was confirmed at weaning.
(a) Corpora lutea counts and blastomere numbers
Females of generation 16 were paired with randomly selected non-brother males of the same line and generation when found in oestrus by standard inspection of vaginal smears. Mating then took place overnight and animals were separated at 0700. Three days later, at 1200-1500, females were sacrificed, their ovaries were recovered, and their uteri were flushed. Corpora lutea were counted using a stereomicroscope. Immediately after flushing, blastocysts were transferred for 30 min into a 1% natrium citrate solution, using Pasteur pipettes. They were fixed on slides using standard methanol-acetic acid fixation, i.e. individual blastocysts were placed on a slide and covered by a drop of 1 : 1 methanol : acetic acid, which caused spreading of blastomeres, Proc. R. Soc. Lond. B (2003) i.e. dispersion of individual cells. The slides were then dried in 3 : 1 methanol : acetic acid for 4 h and then stored at 220°C. For blastomere counting, individual blastocyst spreads were stained with DAPI (49,6-diamidino-2-phenylindoldihydrochloride, 0.05 g l 2 1 in 50 m l of mountant) and counted using a fluorescent microscope (Olympus Vanox AHBT 3).
(b) Statistical analysis
Strain differences in weight dimorphism (difference between male and female mean weight per litter) were tested using oneway analysis of variance (ANOVA). Generalized linear model analysis of covariance (ANCOVA) was used to test for strain differences in either male or female mean litter weights, correcting for concomitant effects of litter size. Least-squares mean weights for each strain, removing the effects of litter-size differences, could then be calculated. Male and female mean weights within litters were compared by repeated-measures ANOVA, and correlations between weight dimorphisms at birth, weaning and maturity were tested. Strain differences in litter sex ratios (percentage males) and percentage blastocysts recovered and fixated were tested using generalized linear models that tested for effects on the binomially distributed numbers of males (or blastocysts) given the respective litter size (or number of corpora lutea) using logits as a link function and a likelihood ratio test for significance, and a Pearson's scaling factor for overdispersion (cf. Krackow & Tkadlec 2001) . The numbers of corpora lutea and male and female pups were compared between strains with a generalized linear model taking the data as Poisson distributed and using a log-link function. A mixed model was applied to test for differences in blastocyst development, using the base 2 logarithm of blastomere numbers as the response variable and strain as the independent fixed effect, adding maternal identity as a random effect (Littell et al. 1999) . F-tests were applied to compare variance components of log 2 -blastomere numbers between strains. Deviations from even (Mendelian) sex ratios were tested by comparing litter sex ratios with an expected value of 0.5 using Wilcoxon's signed-rank test statistics (S). Results were regarded as significant at p , 0.05 (two-tailed). All data handlings and analyses were carried out using SAS statistical facilities (SAS 1989) .
RESULTS
Sex ratios differed significantly between strains (F 1 ,2 1 7 = 6.28, p , 0.02; table 1). There were significantly Table 2 . Mean litter weights (g) of males and females at birth, weaning (21 days) and maturity (42 days) (n = number of litters). Table 3 . Numbers of corpora lutea and blastocysts recovered and fixated on slides in GD1 and GD2 mice (n = number of litters), and log 2 of the number of blastomeres (n = number of blastocysts). (table 2) . In GD2 mice, male weights did not significantly differ from female weights at birth, were significantly lower at weaning and significantly higher at maturity (table 2). Males of line GD1 were significantly heavier than males of line GD2 at all ages, while females were significantly heavier in GD1 than in GD2 at birth, but insignificantly different at later ages (table 2) . Within strains, weight dimorphisms of all age groups correlated significantly with one another (figure 1).
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Numbers of corpora lutea and blastocysts recovered from uteri and successfully fixated on slides are given in table 3. GD2 mice had significantly more corpora lutea than GD1 mice (F 1 ,2 0 = 9.76, p , 0.01). Recovery and fixation rates did not differ significantly between lines (F 1 ,20 , 1.7, ns, in both cases). Blastocysts of GD1 contained 49.89 ± 23.64 s.d. blastomeres, while those of GD2 exhibited 42.99 ± 16.64 s.d. blastomeres (F 1 ,19 = 2.31, n.s.; table 3). The within-litter variance in GD2
Proc. R. Soc. Lond. B (2003) (0.486) was significantly larger than in GD1 (0.125) (F 8 0 ,9 1 = 3.89, p , 0.0001). This difference disappeared if blastocysts of fewer than eight blastomeres, which occurred only in GD2, were excluded from analysis (F 7 6 ,9 1 = 1.12, n.s.). The between-litter variance in blastomere number was not significantly different between lines (F 1 2 ,7 = 1.71, n.s.).
DISCUSSION
Our results show that selection for sexual dimorphism in adult weight resulted in congruent differences in weight at birth and weaning, and, concomitantly, in a significant difference in litter sex-ratios at birth. Males from the line exhibiting reduced adult dimorphism (GD2) had decelerated growth from before birth in comparison with males from the line with increased dimorphism (GD1), as evidenced by their significantly lower weights from birth onwards. While birth weights appeared not to differ between the sexes in line GD2, GD1 males were significantly heavier than GD1 females at birth. The number of ova ovulated (corpora lutea) and the blastocyst developmental variance were significantly higher in GD2 mice, the latter caused by some exceptionally slow-growing blastocysts in this line. Given that the number of females was higher at birth in GD2 mice, but the number of males was not, these results are consistent with the assertion that in GD2 mice, male blastocysts suffered from reduced implantation success caused by slower pre-implantation growth. This assertion is based on the fact that, in mice, If this scenario of lower male implantation success owing to reduced developmental pace in GD2 mice holds, it implies that there might have been an implicit selection for higher ovulation numbers in GD2 mice, as otherwise the average litter size would have declined. The increase in the number of corpora lutea found in GD2 mice might therefore be seen as a correlated selection response. Furthermore, the absence of a biased sex ratio in GD1 mice may indicate that the natural time-frame of uterine responsiveness allows for accelerated blastocyst growth, at least within the range encountered in that line, without the need to infer increased losses at implantation.
Hence, our study strongly suggests that sexual dimorphism in adult weight exerts correlated effects on blastocyst development, which can cause sex-ratio shifts as a result of interactions with the timing of uterine responsiveness. Developmental asynchrony between sex-specific embryonic growth and uterine mortality has been argued potentially to cause a wide range of sex-ratio distortions reported in mammalian populations (cf. Krackow 1995a Krackow ,b, 1997b Forchhammer 2000) . Clearly, natural selection for adult sexually dimorphic body weight could provide the ultimate basis for many sex-ratio findings, because litter sex ratios would be unaffected by any variation in uterine survival in the absence of developmental sex differences.
Of course, correlated effects of adult dimorphism are not the only potential reason for sex differences in embryonic growth. Genes on the Y chromosome that cause male embryos to accrue relatively more maternal resources, even at the expense of female embryos, are known to spread as a consequence of genetic conflict (Hurst 1994) . Hence, such 'neo-imprinted' genes might cause accelerated growth and earlier implantation of male blastocysts in spite of the fact that this might reduce female survival at implantation (Hurst 1994) . The relative importance of these two ultimate mechanisms remains to be resolved. Clearly, understanding the ultimate reason for embryonic developmental sex differences does not lead to conclusions about the adaptive significance of any sex-ratio variation encountered in empirical studies. Nevertheless, it gives us a reasonable framework for interpretation of empirical results that include potentially non-adaptive or even parentally maladaptive effects. At least, according to the scenario outlined here, binomial variation of an even ratio is a rather fragile null hypothesis for the mammalian sex ratio at birth.
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